Abstract Multicolor flow cytometric (MFC) immunophenotyping is one of the basic test that is needed in the evaluation of hematolymphoid malignancies. Previously, there has been some reluctance in the use of MFC in plasma cell disorders (PCD). It was mainly due tolack of standardization, inadequate experience and detection of the lower number of plasma cells by MFC as compared to morphology. However, MFC has gone through many technological advancements in the last few years and a wide variety of reagents are now commercially available which worldwide allowed the establishment of standardized sensitive MFC-based immunophenotypic assay for PCD. Various studies have proven that MFC has a high clinical relevance in the diagnosis and risk stratification of multiple myeloma, its precursor conditions and other PCDs. Moreover, recent studies have shown that MFC is a highly sensitive and reliable technique for the monitoring of clinical response in the era of novel therapies. In this review, we have discussed the various applications of MFC in the management of PCD and their clinical relevance.
Introduction
Plasma cell dyscrasia (PCD) are a heterogeneous group of plasma cell disorders characterized by the accumulation of clonal plasma cells in the bone marrow and production of the excessive amount of monoclonal proteins that eventually leads to end-organ damage [1] . This group includes a spectrum of plasma cell neoplasms from precursor conditions like monoclonal gammopathies of undermined significance (MGUS) and smoldering multiple myeloma (SMM) to the full-blown multiple myeloma (MM) as well as localized disease, i.e. plasmacytoma. MGUS and SMM are two forms of asymptomatic precursor plasma cell disorders that may eventually progress to multiple myeloma MM [2] . MGUS affects approximately 3% of Caucasians over the age of 50 years [3] , and MM is the second commonest hematological malignancy of elderly that accounts for 1% of all cancers and 10% of hematologic neoplasms [4] . Currently, several laboratory and radiological modalities are being used in the diagnosis and management of the PCD, including multicolor flow cytometry (MFC).
Historically, there has been some reluctance on the application of MFC in PCD, mainly because the lack of plasma cell (PC)-specific markers and the lower number of plasma cells usually detected in bone marrow aspirates (BMA) by MFC when compared to morphology [5] [6] [7] . In addition, usage of different methodologies, including different staining protocol, different monoclonal antibody (MoAb)-fluorochrome conjugates and lack of standardization had given rise to inconsistent results in the past [8, 9] . However, it is now well established that a well-standardized MFC has many unique advantages such as: (1) simultaneous analysis of multiple parameters, (2) study of high numbers of cells within a relatively short period, (3) study of low level of plasma cells, (4) quantitative analysis of antigen density, (5) simultaneous study of surface and intracellular antigens, (6) DNA-ploidy analysis and (7) concurrent study of non-PC bone marrow compartment [5, 10] . Thus, MFC is a fast, affordable, wellestablished, and widely available technique [11, 12] . Furthermore, MFC is easily amenable to multi-centre standardization [13] [14] [15] [16] . Therefore, MFC has become an indispensable technique in the diagnosis, prognosis, and therapeutic response-monitoring of a majority of hematological neoplasms, including PCD [17, 18] . In this review, we briefly discuss the role of MFC in the diagnosis, prognostication, and monitoring of the PCD along with the recent advances. The highlights of this review are mentioned in Table 1 .
Identification of Plasma Cells
In MFC analysis, PCs are identified using its unique, strong expression of CD38 and intermediate to strong expression of CD138 [19] . CD138 (Syndecan-1) is an adhesion glycoprotein expressed by only PCs in all hematopoietic cells [20] . PCs also demonstrate intermediate CD45 expression and relatively higher light scatter than lymphocytes. Thus, the combination of CD38, CD138, and CD45 along with light scatter characteristics usually gives the most satisfactory discrimination of PCs on MFC (refer to Fig. 1I ) [5, 19] . Nevertheless, it is important to note that relapsed or multi-therapy resistant cases of MM can show variable loss of CD138 and decreased expression of CD38. Loss of surface CD138 is also known following prolonged exposure to frigid temperature. Additionally, a novel anti-CD38 monoclonal-antibody therapy (daratumumab) and anti-CD138-IFNa14 fusion protein can also cause loss of CD38 and CD138 expression in plasma cells [21, 22] . This can lead to the suboptimal identification of PCs, and hence, new plasma cell-specific markers have been studied. Of them, signaling lymphocytic activation molecules (SLAM) i.e. CD229 and CD319 are shown to be extremely useful for distinguishing PCs from other hematopoietic cells [23, 24] . It is important to note that CD229 also shows relatively strong expression in plasmacytoid dendritic cells and lymphocytes; similarly, CD319 shows relatively strong expression in monocytes and heterogeneous expression in myeloid cells and lymphocytes [24] . Hence, these new markers can be best used in combination with side scatter and or CD45 to improve the gating of PCs.
Immunophenotypic Characterization of Abnormal Plasma Cells (APC)
The [25] have found that loss of CD19 followed by loss of CD81 were the most sensitive markers to identify APCs. Aberrant expression of CD56 was present in 69% of APCs but was also seen in 26% of NPCs. In fact, a subpopulation of NPCs with CD45 dim, CD19 negative and CD56 positive expression represent a terminally differentiated stage in PC maturation. This subpopulation can give rise to a potential miscalculation in APC percentage, particularly when a high number of events are acquired like in the setting of minimal residual disease (MRD) detection. The inclusion of cytoplasmic kappa and lambda in the panel can prove the clonal/ polyclonal nature of a target population in this scenario. In our experience, loss of CD19 and loss of CD81 is the most sensitive markers, whereas overexpression of CD20, CD28 and CD117 are the most specific markers to identify APCs. Tembhare et al. [25] concluded that the combination of CD19 and CD45 loss and CD56 overexpression identified APCs in 100% of cases, but had a specificity of only 32% whereas the combination of CD19 and CD81 loss is very useful in identifying APCs. More recently, Paiva et al. [30] demonstrated the PC differentiation using CD19 and CD81 in healthy individuals demonstrating three groups of normal PCs i.e. CD19(?)/ CD81(?) less-differentiated PCs, CD19(-)/CD81(?) Thus, these studies have demonstrated that markers usually considered as abnormal can be seen on a significant number of normal PCs and one has to be very careful while interpreting the expression of these markers. Therefore, for the correct identification and accurate quantitation of APCs, a combination of multiple markers like CD19, CD20, CD45, CD28, CD56, CD81, and CD117 along with light chain restriction pattern is extremely important.
Role of MFC in the Diagnosis of PCD
Diagnosis of MM is typically based on the findings of BM biopsy, laboratory parameters like amount of M-protein, free light chain ratio (FLC-R), haemoglobin levels, creatinine and calcium levels and radiological examination [31] . The role MFC in the diagnosis of PCD is currently limited to MM with unusual morphology and precursor condition of MM i.e. MGUS. Moreover, MFC is more useful in distinguishing plasmacytoma, plasmablastic lymphoma, lymphoplasmacytic lymphoma (LPL) and B-cell lymphoma with plasmacytic differentiation from MM.
MGUS and SMM
MGUS was first time described by Robert Kyle from Mayo Clinic, (Minnesota, USA) in 1978 and since then it is intensively studied worldwide [32] . Recently, international myeloma working group (IMWG) has refined the criteria for MGUS, SMM and MM [31] . For cases that have low PC percentages on the bone marrow, proving clonality by MFC helps to establish the diagnosis. The coexistence of NPC and APC together in BM is a consistent finding in MGUS. Studies have shown that presence of [5% NPC among all BM PC at diagnosis is an accurate parameter for discrimination of MGUS vs MM (refer to Fig. 1-II ) [26, 33, 34] . Also, the presence of CD56 negative APC is a more consistent finding in MGUS whereas the presence of completely CD45 negative APC correlates well with the diagnosis of MM [25] .
MM with Unusual Morphology
Although routine MM cases with significantly increased PC in the BM may not need MFC for establishing the diagnosis, MFC can be helpful in cases presenting with unusual morphology like those with a plasmablastic or anaplastic morphology. MFC is also very useful in establishing the polyclonal nature of plasma cells in cases with reactive plasmacytosis. Plasma Cell Leukemia (PCL) (Also Refer to Table 3) PCL is a rare form of PCD accounting for 1-2% of cases [19] . PCL patients have a worse prognosis and adverse outcome compared to MM cases [39] . Immunophenotypically APCs from PCL are more likely to express CD20 and they are more frequently negative for CD56, CD117, CD19 and HLA-DR [39, 40] . Likewise, it has been suggested that CD28 could be used to differentiate primary from secondary PCL [39] . Systemic Light Chain Amyloidosis (AL Amyloidosis) (also refer to Table 3) : a very few studies have been published focusing on the immunophenotyping in AL amyloidosis. These studies have revealed that APCs in amyloidosis show down-regulation of CD19, CD27, CD38, CD45 and CD81 [41] [42] [43] [44] . The expression of CD20, CD28, CD32B, CD52, CD56, CD79a, CD117 and SLAMF7 (CD319) was noted in 38-42%, 50%, 99%, 25%, 50%, 86%, 29% and 98% of cases, respectively [43] [44] [45] [46] [47] Role of MFC in the Prognostication of PCD
MGUS and SMM
The average rate of progression of MGUS and SMM to full-blown MM are 1% per year and 10% per year respectively. Hence, it is highly desirable to identify the patients with high risk of progression who might be eligible for and benefit from early therapeutic intervention [48] . Two risk-stratification models have been proposed by the Mayo Clinic group and the Spanish Myeloma group [26, 49] . The Mayo clinic model uses M protein levels and the extent of BM involvement, whereas the Spanish model relies on the criteria of [95% APC out of all BM-PC together with DNA aneuploidy using MFC and immunoparesis for MGUS and SMM respectively. MFC determination of [95% APC/ BM-PC predicts risk of transformation with time to progression (TTP) rates at 5 years of 25% vs. 5% and 64% vs. 8% respectively for MGUS and SMM [26] . More recently, innovative software-based automated analysis of MFC data allowed categorisation of patients having either MGUS-like signature or MM-like signature and MGUS patients with MM-like signature have a shorter median period of progression (TTP of 85 vs 234 months) as compared to the standard MGUS cases [33] . Similarly, MGUS-like SMM cases had a median TTP not reached (NR) with a 5% risk of progression at 2 years; the intermediate group had a median TTP of 108 months with a 28% risk of progression at 2 years, whereas MM-like SMM cases had a median TTP of 15 months with a 53% risk of progression at 2 years. These findings demonstrate the fact that MFC based determination of APC/BM-PC provides strong prognostic parameters in the risk-stratification of MGUS and SMM.
Identifying Distinct Subgroups of Symptomatic MM
MM is known for heterogenicity in the clinical outcome and disease-free survival. A distinct subgroup of MM patients has an indolent clinical course with very long TTP while not achieving complete response (CR) as defined by traditional criteria. It has been shown [5, 34] that MM patients with[5% NPC/ BM-PC have a lower frequency of immune paresis, (42 vs 83%, P = 0.003) and high-risk cytogenetic abnormalities like t(4;14), t(14;16), and del(17p)-(3% vs. 26%, P = 0.006), and displays a greater response rate to HDT/autologous stem cell transplantation (ASCT) (rate of complete remission (CR) after HDT/ASCT of 64% vs. 33%, P \ 0.001), along with significant longer progression-free survival (PFS) and overall survival (OS) rates (5 years rates of 44% vs 33%, P \ 0.001 and 71% vs 62%, P = 0.04% respectively). These findings demonstrated that MFC-based cut-off of\95% APC or[5% NPC is a useful indicator of better clinical outcome. Moreover, automated analysis of MFC data have shown that MM with MGUS like signature shows a significantly superior clinical outcome (TTP median NR vs 44 months, P \ 0.001; hazard ratio: 3.27; and OS median NR vs 67 months, P \ 0.001, hazard ratio: 2.54) [33] . In fact, no significant differences for median TTP and OS were noted between cases in CR versus those that did not attain CR after HDT/ ASCT in this subgroup of MM patients. These findings suggest that MFC is very useful in defining a subgroup of MM patients with excellent prognosis irrespective of whether CR is achieved or not.
Enumeration of APCs in Bone Marrow
Accurate morphological enumeration of BM PC is mandatory for proper characterization of PCD [31] ; however, due to the patchy and irregular distribution of PCs in MM, it is subjected to variance and is an inconsistent prognostic factor [50] . Although, MFC enumeration of BM-PC yields consistently lower number to morphology Paiva et al. [51] have shown that MFC enumeration of BM-PC provides prognostic information of higher value than morphological counts ([15% PC indicates poor prognosis compared to \15%) and remains an independent prognostic factor for OS in multivariate analysis.
Immune Profile of APCs
Many studies have tried to correlate the expression of immunophenotypic markers with prognosis in PCD [5, 8, 52, 53] . It has been shown that CD19 and CD28 positivity and absence of CD117 are associated with significantly shorter PFS and OS rates in MM patients. In fact, a subgroup of CD28? CD117-MM patients were described who would not benefit from HDT/ ASCT. Further, the phenotypic-genotypic correlation has also been suggested in the form of association of CD28 expression and absence of CD117 with non-hyperdiploid MM, t(4;14) and del(17p) [8, 53] . Paiva et al has validated that CD81 expression is an independent prognostic factor for PFS (hazard ratio = 1.9, P = 0.003) and OS (hazard ratio = 2.0, P = 0.02). Moreover, CD81? SMM patients had a shorter TTP to MM (P = 0.02) [52] . Very recently, the same group has also shown that MM with CD19/CD81 positive APCs corresponding to the lessdifferentiated stage had a poor outcome as compared to others. This study indicated that APCs differentiation status based on CD19/CD81 expression is an independent prognostic indicator for progression-free survival (hazard ratio = 1.7; P = .005) and overall survival (hazard ratio = 2.1; P = .006) in MM [30] . Studies have also highlighted the clinical significance of few other markers such as lack of CD27 or CD45 expression and aberrant expression of CD56 or CD200 to be associated with poor clinical outcome [44] . Robillard et al. [44, 54] suggested the association of CD20 expression with small mature plasma cell morphology as well as t(11;14) but did not reveal any prognostic significance.
Identification and Enumeration of Circulating APCs in Peripheral Blood (PB)
MFC approaches can also be applied to identify and quantitate circulating APCs in PB and PB-derived leukapheresis products. Circulating PCs (cPCs) have been observed in as high as 80% of newly diagnosed MM patients and 25% and 50% of MGUS and SMM patients [55] [56] [57] [58] [59] [60] . The Mayo group have demonstrated that circulating PC of C400 cPCs/ll was associated with high PC proliferation, adverse cytogenetics and inferior time-tonext-treatment and OS [60] . Thus, MFC-based quantification of cPCs is claimed to be a valuable risk stratifying factor MM patients treated with novel agents. Studies have also suggested that the presence of APCs in PB-derived leukapheresis products before ASCT could be a predictor of OS [5] . Another attractive possibility is to determine MRD from PB. However, further studies in larger series are required to clarify further the role of circulating APC in PCD. Fig. 2) MM is going through the era of dynamic therapeutic advancement where on one side HDT/ASCT has become the standard of care for eligible MM patients and on other side introduction of novel drugs like proteasome inhibitors (PI) and immunomodulators (IMiDs) have markedly increased survival rates within the last 10 years and produces a high rate of CR [61] . However, the disease-free and overall survival are still variable and unpredictable and disease recurrence remains the leading cause of death. Residual tumor cells are a well-known cause of such recurrence in any malignancy. The traditional criteria for complete remission (CR) are inadequate to exclude the possibility of such residual disease and hence, recent IMWG criterion has incorporated new criteria i.e. ''stringent CR'' (sCR) [62] . sCR has been defined incorporating serum free light chain ratio (sFLC) and immunohistochemistry/ immunofluorescence on BM biopsy. However, studies showing the superiority of sCR over CR are still limited [61] [62] [63] . These findings suggest the need for newer, more sensitive technique for treatment response monitoring and prediction of early relapse.
MFC in the Monitoring of MRD in MM (
MFC-based MRD is now a well-established predictor of relapse in several hematological malignancies. In the last few years, few studies have established the role of MRD as an important prognostic factor and superior treatment response evaluator in MM also [51, [53] [54] [55] [56] [57] [58] [59] . The Spanish PETHEMA trial has shown that the presence of baseline high-risk cytogenetics by FISH(hazard ratio 17.3; P = 0.002) and persistent MRD by MFC at day 100 after HDT/ASCT (hazard ratio 8.0; P = 0.005) were the only independent factors that predicted unsustained CR [64] . Paiva et al. found that patients with immunophenotypic response (IR) had significantly long PFS and TTP when compared to sCR and CR on multivariate analysis (hazard ratio = 4.1, P = 0.01) [65] . Recent advances in the MFC allow more than eight color immunophenotyping which has increased sensitivity (1 in 10 5 ) of abnormal cell detection making MFC a suitable technique for MRD detection [61] . The most recent IMWG guidelines recommend the use of MRD monitoring using a protocol developed by Euroflow [62] . Furthermore, Rawstron et al. [63] have shown that there was a significant improvement in OS for each log depletion in MRD level (median OS was 1 year for [10%, 4 years for 1 to \10%, 5.9 years for 0.1 to \1%, 6.8 years for 0.01 to \0.1%, and more than 7.5 years for \0.01% MRD). MRD level as a continuous variable determined by flow cytometry independently predicted both PFS and OS, with approximately 1 year median OS benefit per log depletion. This indicates that quantitative analysis of tumor depletion could be more informative than just positive or negative status. These findings suggest that evaluation of MRD kinetics rather than a single-time-point MRD analysis could give a more robust assessment of treatment response and can form the basis of tailored therapy [61, 62] .
Ploidy Analysis and DNA Proliferative Index (Fig. 3) In addition to the above application, MFC has long been utilized for measurement of PC DNA contents simultaneously using PC gating markers. It has been shown DNA index [1.06 indicating DNA hyperdiploidy is associated with better clinical outcome [66, 67] and contrarily, hypodiploidy is a poor prognostic parameter [68] . It could also be used as a tumor marker for MRD analysis [18] . Similarly, distribution of APCs in different cell cycle phases has great clinical relevance. Cases which show [2% of PC in S phase are associated with shorter disease-free survival (DFS) and OS [66, [69] [70] [71] . We have recently described an easy and cost Fig. 2 Bivariate plots from ''a to f'' demonstrates the MFC-based MRD analysis in a day 100 post ASCT bone marrow sample from the patient of MM. Of the 1.4 million event cells acquired, PC gated using strong CD38, moderate CD138 and heterogenous CD45 expression were 0.013% (plots a, b). Of the total plasma cells, 71% PCs are clonal abnormal PC (red dots) and rest of PCs are normal PC (NPC, ''blue dots''). In dot plots ''b-d'', the APC showed weak to negative CD27, strong CD56, and cytoplasmic kappa light chain expression, but negative for CD19, CD45 and cytoplasmic lambda light chain expression. NPC are positive for CD19, moderate CD45, strong CD27 and negative for CD56. NPC show polyclonal expression of immunoglobulin light chains (plot g). The MRD calculated in the all viable cells was 0.009% (color figure online) effective MFC-based method of simultaneous DNA-ploidy and six-color surface marker assessment that allows APCspecific gating and ploidy analysis [72] .
Role of MFC in Solitary Plasmacytoma and Systemic Light-Chain (AL) Amyloidosis
Solitary plasmacytoma (SP) are a rare type of plasma cell neoplasm (PCN) characterized by local plasma cell infiltration that renders high-risk of progression to multiple myeloma (MM). Paiva et al. and Quentin et al. [73, 74] have demonstrated that BM involvement using MFC is a new independent risk factor in determination of progression to MM (hazard risk of 17.4 and P \ 0.001).
Similarly, recent studies have demonstrated that quantification of normal and abnormal bone marrow plasma cells (BMPCs) using MFC could be valuable risk stratification factor for OS in light chain amyloidosis [42, 75] . It has also been suggested that loss of CD27, and CD81 was associated with higher rate of very good partial response (VGPR) and expression CD27/CD56 was associated with poor OS [41] Role of Tumor Microenvironment in PCD Besides the factors associated with genetics of MM, tumor microenvironment also plays the vital role in the pathogenesis, and progression of precursor condition i.e. monoclonal gammopathy of undetermined significance (MGUS) to symptomatic myeloma [76] [77] [78] . In hematological malignancies like MM, peripheral blood and bone marrow both forms the tumor microenvironment. Immune cells comprised of T-cells (conventional T-cells, cytotoxic T-cells, regulatory T-cells, TH1, TH2, TH17 and cd T cells) and NK cells forms the substantial component of microenvironment of MM [27, [76] [77] [78] [79] [80] [81] [82] [83] . These immune cells show quantitative and functional variation in different stages of myeloma. Precisely, as the myeloma advances from early stages to aggressive forms, these cells, especially cytotoxic T cells and NK cells decrease in number and show functional impairment and conversely, regulatory T cells and TH17 cells increase [80, 84] . Also, the potential significance of the expression of several markers involved in the interaction between clonal PC and BM stromal cells is currently under investigation. Markers like VLA-1, ICAM-1, CD44 and Annexin-V seem promising in this regard [85] [86] [87] [88] .
Predictive Role of MFC in Upcoming Monoclonal Antibody (mAb) Therapies
Recent clinical trials have shown highly promising results of anti-CD38 (daratumumab) and within no time it may be seen in the clinics. Clinical trials are also targeting other antigens like CD74 or SLAM antigens [21, [89] [90] [91] . For the selection of eligible patients in these therapies, the basic requirement is the knowledge of the expression-pattern of these antigens and their levels on APC. MFC provides this information most accurately and thus provides predictive biomarkers in such therapies. Fig. 3 Plots from ''a to d'' demonstrates the MFC-based DNA ploidy and cell cycle analysis using FxCycle Violet dye in a bone marrow sample from the patient of MM. PC were gated using strong CD38, moderate CD138 and heterogenous CD45 expression (plot a, b). Histogram ''c'' showed an overlay of cell cycle analysis of lymphocytes (blue peak) and plasma cells (purple peak) from the same sample. This histogram showed ''G1, S and G2'' phases of the cell cycle of myeloma cells and G1 peak of internal lymphocytes.
DNA index was calculated as a ratio of geometric mean of G1-peak of MM cells to geometric mean of G1-peak of lymphocytes and was revealed to be 1.66 indicating ''hyperdiploidy''. Plot c also showed increased proportion of MM cells in S-phase (8.75%) indicating the highly proliferative nature of tumor. The increased proportion of S-phase is further confirmed with EdU which was 7.10% in plot ''d'' (color figure online) Indian J Hematol Blood Transfus (July-Sept 2017) 33(3):303-315 311
Standardization and Need for a Validated MFC Approach
In the past, inconsistent results have been obtained by MFC mainly due to inconsistencies in methodologies performed [5, 10] . Recently, many standardized approaches have been developed to meet this issue [61, 92, 93] . BMA, PB or fine needle aspirate specimens are suitable for MFC assay for PCD. Specimen age is of utmost importance for MFC assay and date and time of collection must be mentioned [93] . A cutoff of maximum 48 h' specimen age is usually acceptable. The sample viability should be assessed and sample with [15% non-viable cells should have a line mentioned in the report that ''sample viability is low and findings should be interpreted cautiously [93] . Euroflow recommends a bulk lysis method for high event acquisition [92] . In our institute, we follow a bulklyse-wash-stain approach.
In diagnostic MM cases, the recommendation is acquisition of 1 9 10 5 cells or minimum 3000 PCs; however in cases of dilute BM, an acquisition of minimum 5 9 10 5 cells or 100 PCs is desirable [5] . For MRD analysis, it has been recommended to acquire at least 5 9 10 6 cells to achieve a sensitivity of 1 in 10 5 [61, 62, 93] . In our institute, we routinely acquire 5 9 10 5 cells for diagnostic samples and 3-5 9 10 6 cells for MRD analysis as well as in low PC samples to achieve a sensitivity of 1 9 10 5 . For both diagnosis and MRD purpose, we use two-tube ten color PCD panel developed by TMH (Table 4) . Also, the unique ability of MFC to assess simultaneously other bone marrow cells allow an assessment of the quality of the samples (CD19? B cell precursors, CD56? NK cells and CD117? mast cells). Hemodilution and non-representative samples should have a line in report mentioning the quality of the sample.
Conclusion
In the past application of MFC in PCD has not gained as the widespread acceptance as in other hematological neoplasms. Nevertheless, recent studies have conclusively established the multidirectional application of MFC in PCD. The unique features of MFC including it being fast, easy to perform and widely applicable with simultaneous assessment of multiple parameters on multiple cell lines makes it a well-suitable method to carry out both at diagnosis as well as post-therapy. A well-standardized and adequately sensitive MFC based MRD assay could well lay the path of tailored therapy in MM in recent future.
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